This study was conducted to compare the heat shock responses of cells grown in 2D and 3D culture environments as indicated by the level of heat shock protein 70 expression and the incidence of apoptosis and necrosis of prostate cancer cell lines in response to graded hyperthermia. PC3 cells were stably transduced with a dual reporter system composed of two tandem expression cassettes-a conditional heat shock protein promoter driving the expression of green fluorescent protein (HSPp-GFP) and a cytomegalovirus (CMV) promoter controlling the constitutive expression of a "beacon" red fluorescent protein (CMVp-RFP). Two-dimensional and three-dimensional cultures of PC3 prostate cancer cells were grown in 96-well plates for evaluation of their timedependent response to supraphysiological temperature. To induce controlled hyperthermia, culture plates were placed on a flat copper surface of a circulating water manifold that maintained the specimens within 60.1 C of a target temperature. Hyperthermia protocols included various combinations of temperature, ranging from 37 C to 57 C, and exposure times of up to 2 h. The majority of protocols were focused on temperature and time permutations, where the response gradient was greatest. Post-treatment analysis by flow cytometry analysis was used to measure the incidences of apoptosis (annexin V-FITC stain), necrosis (propidium iodide (PI) stain), and HSP70 transcription (GFP expression). Cells grown in 3D compared with 2D culture showed reduced incidence of apoptosis and necrosis and a higher level of HSP70 expression in response to heat shock at the temperatures tested. Cells responded differently to hyperthermia when grown in 2D and 3D cultures. Three-dimensional culture appears to enhance survival plausibly by activating protective processes related to enhanced-HSP70 expression. These differences highlight the importance of selecting physiologically relevant 3D models in assessing cellular responses to hyperthermia in experimental settings.
Introduction
Thermoablative cancer therapy has become a widely practiced therapeutic option. Forms of thermoablative therapy include high intensity focused ultrasound [1] , photothermal therapy [2] , and radio frequency ablation [3, 4] . Understanding the dynamics of heat transfer and tumor tissue response to elevated temperature at the cellular level is critical to develop and optimize this therapeutic modality. Efficient and effective therapy is defined by maximal ablation of malignant tissue (by coagulation necrosis [5, 6] ) while sparing surrounding normal tissue as much as possible. Thus, accurate multimodal prediction of the cellular response to hyperthermia will potentially enable effective planning and control of therapies to achieve desired outcomes [7, 8] . Cell-constitutive and tissue-constitutive data requisite to support this approach are limited, and most useable design data come from in vitro studies using traditional 2D cell culture, which may not accurately replicate the relevant cellular response in a physiologically relevant 3D environment. The objective of this study is to measure the differences in response of cells grown in 2D and 3D culture to hyperthermia.
The cellular stress response to hyperthermia in virtually all living organisms is manifested by the expression of HSPs in an orchestrated fashion to salvage denatured proteins and promote cell survival. HSPs are upregulated along with complementary proteins when cells experience sublethal stress [9] . As a family of proteins, they are designated by molecular weight and are overexpressed in response to various stressful stimuli, including temperature extremes [10] , hypoxia [11] , osmotic stress [12] , mechanical and fluid shear stress [13] , and ionizing radiation [14] . Of the various HSPs, the 70 kDa family (HSP70) has a central role in the stress response in conjunction with its greater level of induction [15] .
The characteristic preferential transcription and translation of HSPs are part of a greater stress response by which cellular mechanisms are activated to promote survival during a window of time after an initial insult [16] . The resulting initial and subsequent windows of tolerance are inferred by the molecular chaperone activity of HSPs, i.e., the ability to stabilize protein structure and aid in the recovery of other proteins from a denatured state [17] . How this response is distinguished in cells grown in 3D culture has only seen limited investigation to date [18, 19] .
Cells in a 3D environment are known to be more tolerant of chemical stress that is lethal to cells in a 2D environment [20] . Modulation of heat and mass transfer processes in a thicker 3D specimen may account for significant physiological and environmental differences. For example, cells within the interior of an abnormally perfused tumor can experience varying degrees of hypoxia which may directly induce a low extracellular pH [21, 22] . Thick specimens may also demonstrate complex thermal properties during simulated ablation [23] . These stresses in turn induce the expression of stress proteins, such as HSPs that facilitate their survival [24] [25] [26] [27] . But the differences in stress response and cell death kinetics due to thermal insult of 3D and 2D cultures are not yet identified. Candidate sources of disparities include distinctions in transport processes and intercellular signaling within the culture. The literature that presents data for 3D effects on the viability of cells after hyperthermia is limited [28] . Based on these documented observations, we hypothesized that cells growing in 3D culture, which more closely mimics an in vivo environment, will be more resistant to heat-induced stress response than cells cultured in 2D. The work presented herein provides specific evidence of dissimilarities between thermally induced cell death and HSP70 expression in 2D and 3D cultures of prostate cancer cells, including data relating to a potential mechanism of action.
Materials and Methods
Cells. Human prostate cancer cells (American Type Tissue Collection, Cat No. CRL-1435 TM ) were maintained in a tissue culture incubator at 37 C with 95% relative humidity and 5% CO 2 in F12K Kaighn's Modification (Gibco, Cat No. 21127) supplemented with 10% certified fetal bovine serum (Gibco LOT: 776620), and 1% Penicillin-Streptomycin. In other experiments, PC3 cells were transduced with a retrovirus to stably express a dual reporter system composed of two tandem expression cassettes-a conditional HSP70 promoter driving the expression of green fluorescent protein (HSPp-GFP) and a CMV promoter controlling the constitutive expression of a "beacon" tdTomato (CMVp-tdTomato). These cells, designated PC3-HSPp-GFP/ CMVp-tdTomato, were sorted three times to enrich the transgeneexpressing population.
Two-Dimensional Cell Culture. Cells to be analyzed by flow cytometry were maintained in polystyrene culture vessels. The growth media was changed every third day, and cells were tested when approximately 70% confluent. The cells were passed as needed, or when plates reached approximately 90% confluence, by washing with phosphate buffered saline, release with a solution of 0.25% trypsin, and plating into the desired vessel.
3D Cell Culture. Phenol red free high concentration Matrigel (BD Biosciences Cat No. 354262) was used in a 1:2 dilution with complete media to create a gelled layer at least 1 mm thick, resulting in a volume of 35-50 ll in each well of a 96 well plate. The coated plate was kept at 4 C overnight to dissipate air bubbles and to level the surface of the Matrigel. Coated plates were placed in an incubator for at least 2 h to solidify the Matrigel prior to seeding. Control 2D cultures were seeded on the same plates in wells adjacent to Matrigel. After seeding, the cells were allowed to attach overnight (at least 8 h) prior to heating and analysis.
Cell Viability Measurement by Colorimetric Assay. Watersoluble tetrazolium, WST-1, was utilized to determine the thermal dose range at which transition to irreversible cell injury occurs. Cells were cultured in 2D culture until 70% confluent, harvested with 0.25% trypsin, counted using a hemocytometer, diluted with complete media, and aliquoted into thin walled PCR tubes at a density of 15,000 cells in 100 ll of growth media. Twelve samples were then heated simultaneously in an Eppendorf thermal cycler across a thermal gradient with temperatures corresponding to 37, 37. Heating and Recovery of Cells for Flow Cytometry. A custom designed and fabricated controlled temperature water circulation chamber was utilized to heat cells in 96 well culture plates for subsequent analysis by flow cytometry. The chamber consisted of a flat copper upper surface onto which culture plates could be placed and a lower volume with inlet and outlet ports through which water from a bath was circulated to cause uniform forced convection heating on the bottom of the copper plate. The chamber maintained the solution within the culture plate wells within 60.1 C of a target temperature in both space and time. The chamber and water bath assembly were contained in an insulated housing with air circulated and heated by a proportional-integral-derivative (PID) control system to match the target temperature. The apparatus was preheated for 30 min prior to use to minimize the thermal transients. Culture plates were placed on the heated copper surface with a minimal layer of water from the bath to minimize thermal contact resistance between the two solid surfaces. Understanding that experimental apparatus can affect the thermal history of specimen [29] , this apparatus and protocol represent a best effort to reduce thermal transients as well as contamination of the cell cultures.
Immediately following heat shock, plates were placed in an incubator at 37 C, 95% relative humidity, and 5% CO 2 until 2 h prior to analysis, which amounted to 10 or 22 h of recovery at 37 C followed by 3-4 h of preparation and analysis at 4 C. Incubation of the cells at 4 C during the preparation time interval results in a 4-fold to 6-fold decrease in reaction rate, which indicates that cellular kinetics are not significantly altered during the sample preparation time from the experimental end-point until analysis [30] .
Harvesting of Cells From 2D and 3D Culture for Flow Cytometry. Cells were harvested by first liquefying the Matrigel on ice for at least 30 min and transferring the overlaying growth media to a 15 ml conical tube prechilled on ice. Ice cold BD cell recovery solution (Cat No. 354253) and 0.25% trypsin were mixed at a 1:1 ratio, and 200 ll was added to the culture vessels to further release the cells within the Matrigel layer. An additional 100 ll of cold trypsin was added to the culture vessels which were then incubated at 37 C for 15 min before the contents were transferred to a 15 ml conical tube. Trypsin was neutralized by adding 1 ml of cold media with serum. Cells were centrifuged at 400 g, the supernatant aspirated, and the pellet resuspended in 100 ll of media, and prepared for analysis with either annexin V-FITC and PI or green fluorescence (EGFP).
Annexin V-FITC/PI Staining and EGFP Analysis for Flow
Cytometry. Flow cytometry analysis was performed on a FACS Calibur flow cytometer (BD Biosciences). The proportion of apoptotic and necrotic events within a cell population was determined by flow cytometry analysis based on annexin V-FITC and PI staining (BD Biosciences Cat No. 556547). Cells which were annexin V-FITC positive but PI negative were considered to have undergone apoptosis. Cells which were double positive for both fluorophores were counted as necrotic. Cultures were plated overnight, heated, and harvested approximately 2 h prior to analysis as described above. Cells were resuspended in 110 ll of media containing 5 ll annexin V-FITC and 5 ll PI. Each sample was mixed by gentle pipetting and incubated for 15 min at room temperature in the dark. Cells were diluted by the addition of 400 ll of media and then transferred to plastic flow cytometry tubes. Samples were placed on ice until analysis on a BD Biosciences FACS Calibur flow cytometer. Populations were not gated in apoptosis and necrosis experiments. Thresholds to delineate apoptotic from necrotic populations were set based on control specimen for each individual experiment, such that extreme outlying events were excluded.
Expression of HSP70 in PC3-HSPp-GFP/CMVp-tdTomato cells was determined by measuring GFP expression by flow cytometry. Trypsinized cells were suspended in 400 ll of growth media and GFP expression was determined in the gated viable cell population. 
Inhibition of Caspases for Flow
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Transactions of the ASME ALX-260-020-M001) for 30 min prior to heat shock. Heat shock was carried out on the custom designed heating apparatus at 45 C for 120 min followed by a 22-h recovery time prior to analysis.
Measurement of Caspase Activity. Caspase-3 enzymatic activity in cell extracts was measured using the substrate Ac-DEVD-AMC (Enzo Life Sciences Cat No. ALX-260-031-M001), which is fluorescently activated upon catalysis by caspase-3. Cells were grown to 70% confluence in 25 cm 2 tissue culture dishes, heated with the water bath chamber, and allowed to recover at 37 C until analyzed at 6, 12, or 24 h. At the time of assay, 100-200 ll of lysis buffer was added (5x Lysis Buffer: 250 mM HEPES pH 7.4, 25 mM CHAPS, 25 mM DTT). Cell lysate was centrifuged at 1000xg to pellet nuclei and debris, and the supernatant was saved and stored at À20 C until analysis. Cell lysate (10 ll) was added to 90 ll of reaction buffer containing 5 lM Ac-DEVD-AMC 20 mM HEPES pH 7.4, 0.1% CHAPS, 5 mM DDT, 2 mM EDTA. Staurosporine-treated Jurkat cell extract served as the positive control. A Tecan Safire plate reader was used to measure substrate catalysis at excitation and emission wavelengths of 360 6 5 nm and 440 6 10 nm, respectively.
Results
High Throughput Identification of Peak Metabolic Activity and Viability Threshold. In order to examine the cellular viability during hyperthermia on a broad scope, a wide spectrum of thermal doses was applied to PC3 cells grown in 2D culture. Cellular viability was determined by WST-1 conversion. The objective was to identify the transition conditions at which hyperthermia results in irreversible cellular injury and cell death. This threshold region could be evaluated in greater detail and resolution.
Heating duration ranged from 5 to 120 min at temperatures ranging from 37 C to 57.2 C (Fig. 1 ). The results demonstrate two salient features. First, a peak in metabolic activity (WST-1 indirectly reflects mitochondrial activity) at 42.9 C for 20 min, and second, a clear temperature and duration threshold beginning at 50.8 C for 5 min and gradually declining in temperature as duration increases beyond which cells are fated to undergo cell death by apoptosis or necrosis (black region), and below which cells survive. This threshold region between cell death and cell viability was selected for further detailed examination to determine the relationship between HSP expression and apoptotic events.
Thermal Dose to Specifically Evoke Apoptosis or Necrosis 24 h Poststress in 2D Cell Culture. Based on the identified cell viability threshold region, two hyperthermia temperature/time conditions were selected to more comprehensively study cell viability by the flow cytometry. Apoptosis and necrosis as determined by annexin-V FITC and PI staining, respectively, were used to more precisely define the thermal dose threshold of viability (Fig. 2) for a 10 min heating period in 2D cultures. The threshold between viability and apoptosis appears to occur between 48 C and 52 C, and increasing the thermal dose from 52 C to 60 C for 10 min results in an increasing fraction of cells undergoing necrosis as denoted by the percentage of cells which are annexin
Lower temperatures in combination with longer heating durations were tested to characterize the effect of more mild but prolonged thermal protocols. Figure 3 shows the results of heating at 44 C for 10, 30, 60, or 120 min. All protocols lasting less than 120 min resulted in minimal cell death by either apoptosis or necrosis. Heating for 120 min caused a more selective shift of the viable population into the apoptotic state.
Data for thermal doses 1 C higher at 45 C for 30, 60, 120, or 180 min are shown in Fig. 4 . The results demonstrate that a 1 C increase above the threshold temperature of 43 C was sufficient to cause cells to preferentially undergo necrotic cell death. Heating durations of 120 min or more induce a greater portion of cells to undergo necrosis.
Based on these experiments, the two thermal doses of 44 C and 45 C for 120 min, which straddle the observed threshold between apoptosis and necrosis, were selected for a more refined analysis of heat-induced cell injury.
Caspases are Involved in Thermally Induced Apoptosis. In order to quantify the involvement of caspases in apoptosis, as indicated by annexin V-FITC staining, PC3 cells grown in 2D culture were treated with pan-caspase inhibitor Z-VAD-FMK prior to heating at 45 C-120 min (Figs. 5(a)-5(c)). Analysis was by flow cytometry. In the 45 C-120 min group Z-VAD-FMK þ (Fig. 5(c) ), a distinct apoptotic population (annexin þ /PI À ) is observed that does not appear in the corresponding 45 C-120 min, without Z-VAD-FMK-group (Fig. 5(b) ). Heating at 45 C for 180 min did not yield similar results, and no outstanding difference between Z-VAD-FMK treated and untreated groups was seen.
In an attempt to identify the apoptotic mechanism with an individual caspase, caspase 3 inhibitor Ac-DEVD-CHO was applied prior to heating at 45 C for 180 min and flow cytometry analysis. Figures 5(e) and 5(f) demonstrate no obvious difference between the heated groups that were and were not treated with Ac-DEVD-CHO. This result was further confirmed by using the fluorescent caspase-3-specific substrate, Ac-DEVD-AMC, on cellular extracts from cells heated at various thermal doses. The results of these experiments in Fig. 6 demonstrate that none of the thermal doses used induced any measureable Ac-DEVD-AMC fluorescent signal over the broad range of hyperthermia time and temperature. In one case, heating at 40 C for 22 min yielded an elevated background level of fluorescence. However, no time-dependent increase in signal was detected (as observed in the positive control), dismissing the presence of any positive caspase-3 activity. The positive control demonstrated the predicted ramp up in capsase activity. A complementary experiment at 45 C for extended durations of heating up to 180 min also demonstrated the absence of caspase 3 activity (Fig. 7) .
Apoptosis and Necrosis are Mitigated and HSP70 is Enhanced in 3D Culture. To assess differences in cell viability between 2D and 3D cultures, two identical thermal doses of 44 C and 45 C for 120 min were applied to cells grown in 2D and 3D cultures. These doses define the threshold conditions for injury in 2D cultured cells. The cells were assayed for apoptosis and necrosis 24 h following hyperthermia. The results reported in Fig. 8 show a significantly greater percentage of cells undergoing apoptosis and necrosis in 2D culture than in 3D culture for cells heated at 45 C for 120 min (n ¼ 3, t-test, p < 0.05). There was no C row along the bottom of the figure  (n 5 3) . Note that the time scale is not linear. statistically significant difference between the 2D and 3D data for heating at 44 C.
HSP70 Expression. PC3-p4rep100 cells, which express EGFP under the control of the human HSP70 promoter, were heated at 44 C and 45 C for 10 min and assayed by flow cytometry 12 h later. The data for HSP70 expression in 2D and 3D cultures are reported in Fig. 9 . These results show that 3D cultures heated at 45 C for 120 min, but not 44 C for 120 min, have a statistically higher level of HSP70 expression in comparison with 2D cultures (n ¼ 3, t-test p < 0.05). This differential is consistent with that for apoptosis and necrosis for the same hyperthermic conditions.
Discussion
In order to investigate the effect of a 3D culture environment on thermally induced cell death and HSP70 expression, the authors analyzed cellular heat shock responses across a broad 
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Transactions of the ASME range of temperatures and heating times using a high-throughput approach. The array of thermal doses used to generate the viability data in Fig. 1 demonstrates two important phenomena. First, a peak of metabolic activity (maximal WST-1 staining) exists in the landscape of thermal doses which we theorize corresponds to maximum cellular activity to repair thermal damage [16] . Second, there is a clear and relatively sharp threshold between viability and cell death. The region straddling this threshold between viability and cell death was chosen to further investigate apoptosis and necrosis in 2D and 3D cultures as it provides the greatest response contrast as indicated by cellular viability and HSP70 expression. Thus, the parameters identified in Fig. 1 were used to guide subsequent flow cytometry experiments. Analysis of cellular viability by flow cytometry required the reevaluation of heat shock responses across an array of temperature doses as demonstrated in Figures 2-4 . These results illustrate how the temperature and time characteristics of an applied thermal dose dictate the pathways to cell survival or death. Previous work in our lab [31, 32] and by others [33] [34] [35] has demonstrated a threshold of cell viability at a well-defined thermal dose. This type of constitutive data may be useful for treatment planning and real-time estimates of the efficacy of localized thermal therapies. Some types of thermal therapy for cancer may cause sites in the field of thermal stimulation to exceed 98 C and peripheral areas to reach 50 C via ablative methods, which temperatures far exceed threshold injury conditions [36] .
Caspase inhibition experiments confirmed the involvement of caspases in thermally induced apoptosis of PC3s, although caspase-3 is unlikely to play a direct role as evidenced by specific inhibition via Ac-DEVD-CHO. This finding is corroborated by other works that demonstrate the pan-caspase inhibitor Z-VAD-FMK affects thermal, but not radiation, induced apoptosis in a leukemia cell line, HL60 [37] . Others have demonstrated the selectivity of caspase 9 in thermally induced apoptosis of Jurkat cells [38] . The apoptotic population distribution that appears in Fig. 5 (c) may be explained by an in vitro artifact referred to as late apoptosis [39] , a process by which cells that have undergone apoptosis as a primary means of cell death progress further into necrotic cell death or secondary necrosis and become PI permeable. The process of secondary necrosis is not thought to be observed in vivo due to the presence of phagocytic cells of the reticuloendothelial system, i.e., tissue macrophages, which clear apoptotic and necrotic cells and debris before secondary necrosis can take place. In light of this theory of late apoptosis, it seems that inhibition of the caspases may delay the kinetics of this process, thus implicating their role in thermally induced apoptosis. If secondary necrosis is indeed occurring in these experiments, then the observation time points for apoptosis and necrosis experiments should be carefully considered when utilizing the results for data-driven therapeutic systems [7, 8] . One option would be to interpolate the kinetics of apoptosis and necrosis separately using the existing data. Alternatively, the percentages of apoptosis and necrosis can be summed to generate a predictive algorithm until further experimental improvements are made in differentiating between cell death kinetics.
Having established thermal doses which preferentially lead to apoptosis or necrosis (120 min at 44 C or 45 C, respectively), experiments were repeated to investigate the effect that 3D culture had on the two modes of cell death. Relative apoptotic and necrotic events were significantly depressed in 3D culture compared to 2D culture at a thermal dose of 45 C for 120 min, which defined the threshold region of hyperthermia for induction of thermal injury, indicating a role for protective mechanisms specific to the 3D culture environment. It should be noted that the baseline level of cells which undergo apoptosis or necrosis in 3D cultures is higher than in 2D environments. In these studies, the results were normalized to untreated control to specifically determine the increase or decrease of cellular response, as shown in Fig. 8 . The existence of elevated background levels of apoptotic and necrotic cells is consistent with other studies using different 3D matrices, C at the indicated durations. Negative and positive controls were water and apoptotic Jurkat cell extract, respectively. Cells were processed and analyzed 24 h after heat shock. No significant caspase 3 activity was detected (n 5 3). such as viscose-rayon/styrene butadiene copolymer or agar [19, 20] . Upregulation of HSP70 was evaluated as the protective mechanism that reduces the incidence of apoptosis and necrosis in 3D culture. The data in Fig. 9 demonstrate a greater induction of HSP70 expression in 3D cultures at the same thermal dose (45 C for 120 min) for which there was reduced induction of apoptosis and necrosis in Fig. 8 . The reason for increased HSP70 expression in 3D culture is not well understood. Khoei et al. have reported a similar observation [19] and attribute the decrease of apoptotic and necrotic events in DU145 spheroids to HSP70 expression.
The role of HSP70 in modulating temperature-induced cell death is well-established, and its upregulated expression is likely to be a component of the mechanism by which apoptosis and necrosis are reduced in 3D culture. It is well-established that a high level of heat shock protein expression and HSP70, in particular, correlates with protection from hyperthermia [9, 15, 16, 40] . However, a direct causal relationship between enhanced thermoprotection and elevated HSP70 expression in 3D culture has yet to be established. Other factors may play a role. Extracellular adhesion molecules or intercellular signaling pathways may plausibly play a role in regulating HSP70 expression in 3D cultures. No endogenous intracellular molecules, such as growth factors, are known to affect HSP70 regulatory pathways, although the inverse paradigm has been observed [41] [42] [43] . No published work was found to support or refute a direct interaction between cell adhesion molecules and HSP70, but evidence was found for a convergence between various HSPs and integrins upon the pathway of apoptosis or, more precisely, detachment induced apoptosis (anoikis) [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .
Conclusions
Understanding the role of the extracellular environment and its influence on HSP70 expression will facilitate refinement of thermoablative therapy parameters leading to more effective treatments. The potential for advancing thermoablative therapy, as illustrated by this study, highlights the need to more fully elucidate the role of the extracellular environment in the cellular response to hyperthermia.
It can be concluded from this study that the 3D environment of reconstituted basement membrane reduces the induced cell death by apoptosis or necrosis of prostate cancer cell line, PC3, to a thermal dose (45 C-120 min) that preferentially evokes necrosis 24 h postheat shock. HSP70 expression is not simply enhanced in 3D culture for all thermal doses, but rather it is enhanced in the higher thermal dose of 45 C-120 min. This finding may allude to a mechanism of HSP70 expression that is affected by both 3D environment and thermal dose. Future investigation will focus on the details of the underlying mechanism of the observed results, which when clearly understood should inform the treatment planning and clinical management of patients who receive localized thermal therapies. C and 45 C for 120 min. The difference in HSP70 induction between the 2D and 3D culture was found to be statistically significant for heating at 45 C for 120 min (n 5 3, t-test p < 0.001).
